Excesses of sulfur-36 in sodalite, a chlorine-rich mineral, in a calcium-and aluminum-rich inclusion from the Ningqiang carbonaceous chondrite linearly correlate with chorine͞sulfur ratios, providing direct evidence for the presence of short-lived chlorine-36 (with a half-life of 0.3 million years) in the early solar system. The best inferred ( 36 Cl͞ 35 Cl)o ratios of the sodalite are Ϸ5 ؋ 10 ؊6 . Different from other short-lived radionuclides, chlorine-36 was introduced into the inclusion by solid-gas reaction during secondary alteration. The alteration reaction probably took place at least 1.5 million years after the first formation of the inclusion, based on the correlated study of the 26 Al-26 Mg systems of the relict primary minerals and the alteration assemblages, from which we inferred an initial ratio of ( meteorite ͉ solar nebula ͉ sulfur isotopes ͉ magnesium isotopes ͉ chronometer S hort-lived, now extinct, radionuclides have been detected in primitive meteorites (1). They have been intensively studied and are still subjects of ongoing great interest for broad scientific audiences, because short-lived radionuclides may serve as the only available fine-scale chronometers to trace processes in the early solar system (1, 2), and their relative abundance can constrain the local galactic environment of solar system formation (3-6). However, the origin of short-lived radionuclides is a long-standing issue. One scenario holds that the short-lived radionuclides originated in stellar sources like supernovae (3, 7) or asymptotic giant branch stars (5, 6) in close proximity to the forming solar system. According to such a stellar origin, shortlived radionuclides were injected homogeneously in the solar nebula, hence they may be used as chronometers. This idea is supported by the measurement of U-Pb absolute ages of Caand Al-rich inclusions (CAIs) and chondrules with a Ϸ1-million year (My) resolution (8), which yields a time interval between formation of CAIs and chondrules similar to that inferred by many 26 Mg measurements, although a recent study reported that chondrule formation began contemporaneously with the formation of CAIs (9). On the other hand, the same short-lived radionuclides may be produced locally by intense irradiation of nebular materials by the proto-sun (10-12). The predictions of local irradiation models (4, 13) are compatible with the observed abundance of some nuclides (e.g., 10 Be, 26 where m indicates measured ratios and s indicates standard's normal S isotope ratios. Because of its high abundance, 32 S is not used here as the reference isotope. The fractionation-corrected isotopic anomaly in 36 S is then calculated from the linear ''law'':
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Chlorine-36 has a half-life of 0. where m indicates measured ratios and s indicates standard's normal S isotope ratios. Because of its high abundance, 32 S is not used here as the reference isotope. The fractionation-corrected isotopic anomaly in 36 S is then calculated from the linear ''law'':
Sulfur isotopes ( 33 S, 34 S, and 36 S) and 35 Cl of the samples were analyzed by using the Cameca ims-6f ion microprobe at Arizona State University. A small (Ͻ10 m) Cs ϩ primary beam of Ͻ0.1 nA at 10 keV size was used. Secondary ions were accelerated to Ϫ9 keV and collected with an electron multiplier, and dead-time correction was applied to the data. Transfer lenses were tuned for a 75-m imaged field to increase the secondary ion transmission. Depending on the phase being analyzed, each measurement ran 30-200 cycles through the mass sequence, 33 S, 34 S, 35 Cl, and 36 S, with integration times set to 3, 1, 1, and 30 s, respectively. Even with the instrumental conditions set up to allow the highest possible transmission of secondary ions, a long collecting time was still required to achieve reasonable statistical precision because of the low count rates of the S isotopes in sodalite.
Hydride and other molecular interferences to the S isotopes were eliminated under high mass resolution conditions with a mass resolving power (m͞⌬m) of Ϸ4,300. Because sodalite is a secondary phase replacing primary minerals of CAIs during alteration processes, a combined study of 26 Al- 26 Mg systems of individual minerals of the CAI was carried out to determine the time interval between formation and alteration of the CAI. The measurements of magnesium isotopes were carried out by using the same ion microprobe with a Ϫ12.5 keV O Ϫ primary beam of Ͻ0.4 nA for different mineral phases, including melilite (a solid solution of Ca 2 MgSi 2 O 7 -Ca 2 Al 2 SiO 7 ), plagioclase, and sodalite. Positive secondary ions were accelerated to ϩ9 keV and collected with an energy band-pass of Ϸ50 eV, an imaged field of Ϸ75 m, and a mass resolving power of Ϸ3,500. The relative sensitivity factors of Al͞Mg were determined by using terrestrial standards of melilite and plagioclase.
Results
Three CAIs from the Ningqiang carbonaceous chondrite and two EH3 enstatite chondrites (EET 87746 and ALH 77295) were studied. The Ningqiang CAI (NQJ1-1#1) has a spinel-rich core, a spinel-anorthite-Ca-pyroxene mantle, and a melilite-spinel crust (Fig. 1a) . Along the boundaries between the crust and the mantle, anorthite shows a texture of replacing melilite (Fig. 1b) . In turn, sodalite and much less abundant nepheline occur as alteration products in place of anorthite mainly in the mantle (Fig. 1c) . The two CAIs from EET 87746 and ALH 77295 are highly altered, consisting of spinel, pyroxene, and fine-grained sodalite and nepheline.
Four sodalite-rich alteration assemblages in the Ningqiang CAI with very high 35 Cl͞ 34 S ratios (up to 57,000) show clear 36 S excesses that correlate with 35 Cl͞ 34 S ratios (Table 1 24 Mg values of the minerals (Fig. 3a) , indicating in situ decay of 26 26 Mg excesses in the anorthite and the sodalite-rich Table 2 , which is published as supporting information on the PNAS web site.
assemblages may be partially caused by metamorphism that occurred much later on the parent body of Ningqiang. The 26 Al- 26 Mg systematics of plagioclase in a plagioclase-and fassaite ‡ ‡ -rich (type C) inclusion and plagioclase-and olivinerich inclusions from the same meteorite also show little 26 Mg excess (23) . In accordance with self-diffusion rates of Mg in anorthite, it takes Ͻ2 My to homogenize Mg isotopes of the anorthite layers (Ͻ10 m, in width) in the CAI at 500°C (23) . Therefore, the ( 26 Al͞ 27 Al) o ratios in anorthite or sodalite might ref lect redistribution of Mg isotopes during metamorphism on the parent body. However, the 36 Cl-36 S system may not be significantly disturbed by the same event, because there are no S-bearing minerals surrounding the sodalite-rich assemblages. Assuming NQJ1-1#1 was an unmelted CAI that endured the same heating event that produced type C inclusions (22) (4) . Although the predicted value is consistent with the observation from this study, the volatile nature of chlorine and the observation of 36 Cl in sodalite probably are not compatible with local irradiation models. According to the model by Shu et al. (10, 11) , intense irradiation of the proto-sun evaporated Mg-Fe-silicate dust balls to form CAIs and simultaneously produced short-lived radionuclides (e.g., 10 Be, 26 Al, and 41 Ca) through the bombardment of CAI materials by energetic particles. After their formation, short-lived radionuclides bearing CAIs were ejected to distant locations where chondrites accreted. Sodalite, a volatile-rich (Na and Cl) alteration product, could not form together with the CAI primary minerals during the intense irradiation near the proto-sun. Instead, it almost certainly formed in the chondrite-accreting locations in the nebula and͞or the asteroidal bodies. Therefore, in the local irradiation model, 36 Cl itself would have to be produced in a gaseous phase close to the proto-sun by intense irradiation, and then a mechanism to transport the gaseous 36 Cl, coupled with solids, from the CAI-forming region to distant chondriteaccreting regions must be invoked. Finally, the transported gaseous 36 Cl would have to be incorporated into alteration assemblages through solid-gas reaction. However, the transported gaseous 36 Cl must have been much diluted before it was incorporated into the alteration assemblages. Furthermore, according to the local irradiation model (10), gases and small particles would be thrown into interstellar space with finite escape speeds, decoupled from the large CAIs that fell back to the disk. Therefore, the observation of 36 Cl in this study presents a serious challenge to local irradiation models. CAIs and chondrules in carbonaceous chondrites are commonly altered to produce sodalite and other secondary minerals (17) . However, where the alteration took place, in the nebula or the asteroidal bodies, is a highly controversial issue. One approach is to determine ages of sodalite and other alteration products. The I-Xe (half-life of 129 I, 15.7 My) data of Allende sodalite-rich samples suggest an apparent closure time of 5 My after Murchison magnetite (26) , marginally longer that the predicted lifetime of the solar nebula. However, the long closure age may be caused by partial loss of gaseous 129 Xe during thermal metamorphism in the parent body. Other data on Al-Mg systems of sodalite suggest the time intervals of several My after formation of CAI primary minerals (19, § §, ¶ ¶), but they also may be explained by diffusion of normal Mg isotopes from common surrounding Mg-rich phases as discussed above. 36 Cl has a shorter half-life than those of 26 Al and 129 I, and discovery of the short-lived 36 Cl in sodalite favors for a short interval (e.g., a few half-lives of 36 Cl), otherwise it would have decayed and little can be detected. This short time interval favors a nebular origin of sodalite in the Ningqiang CAI, consistent with petrography and mineral chemistry (22) . 36 Cl can be produced by local irradiation of the proto-sun, its volatile nature and occurrence in alteration assemblages of CAIs present a serious challenge for local irradiation models.
Conclusions
Unlike other short-lived radionuclides (e.g., 26 Al and 41 Ca), chlorine is closely associated with secondary alteration in CAIs, chondrules, and matrix. 36 Cl may serve as a unique fine-scale chronometer, especially for volatile-rock reactions in the nebula and͞or on asteroidal bodies. The discovery of 36 Cl in sodalite favors a short time interval after formation of CAI primary minerals, consistent with a nebular origin of the alteration in the Ningqiang CAI.
